The cardiac cell model (Kyoto Model) described in the accompanying paper [1] is developed to simulate membrane excitation and contraction in both ventricular and sinoatrial (SA) node cells using a set of equations common for both cell types. Using the Kyoto model, we aim to clarify the relationship between the role of individual current systems in membrane excitation and their unique gating and conductance properties in the SA node cell. So far, the contribution of various time-and voltage-dependent current systems has been evaluated simply by comparing the magnitude of individual currents or by examining the effects of excluding the particular current system of interest. In the present study, we reconstruct the spontaneous action potential by varying not only the current size, but also the voltage dependency of the channel gating according to the experimental data. Furthermore, we evaluate the contribution of each current system by introducing a new hypothetical equilibrium potential during the course of pacemaker depolarization. The Kyoto model is compared with the models of Wilders et al. [2] , Demir et al. [3], and the Oxsoft SA node model (Oxsoft Heart Program; Biologic, Claix, France).
Abstract: This paper discusses the development of a cardiac sinoatrial (SA) node pacemaker model. The model successfully reconstructs the experimental action potentials at various concentrations of external Ca 2ϩ and K ϩ . Increasing the amplitude of L-type Ca 2ϩ current (I CaL ) prolongs the duration of the action potential and thereby slightly decreases the spontaneous rate. On the other hand, a negative voltage shift of I CaL gating by a few mV markedly increases the spontaneous rate. When the amplitude of sustained inward current (I st ) is increased, the spontaneous rate is increased irrespective of the I CaL amplitude. Increasing [Ca 2ϩ ] o shortens the action potential and increases the spontaneous rate. When the spontaneous activity is stopped by decreasing I CaL amplitude, the resting potential is nearly constant (Ϫ35 mV) over 1-15 mM Differences between SA node and ventricle models. The SA node cells are characterized in histology by the small cell size and poorly developed myofibrils, large oval nuclei, and pale sarcoplasm [4] . The V i of the SA node model is 2,513 m 3 (Table 1) , which is half of the whole cell size used by Wilders et al. [2] . C m is 32 pF. The volume of SR is decreased to 3% (SA factorϭ0.03) of that in the ventricular cell. Accordingly, I RyR , I SR U, I SR T, and I SR L are all scaled by the SA factor ( Table 8 ). The concentration of intracellular troponin is 10% of that in the ventricular cell ( Table 2) .
Determination of the current densities. The current densities of various ion channels and transporters are described in Tables 4-8 . The magnitude of each current in the model is not necessarily fixed, but can be varied according to the cell diversity (for review, table 1 in Irisawa et al. [5] ). The maximum rate of rise in the standard action potential is adjusted to 4.8 V/s by varying the amplitude of I CaL . The overshoot potential of the action potential (ϩ11 to ϩ35 mV) can be altered mainly by varying the amplitude of I Kpl against the amplitude of I CaL . The maximum rate of repolarization (ϳ1 V/s) is a function of I Kr . The maximum diastolic potential (Ϫ58 to Ϫ70 mV) is adjustable by varying the relative amplitude of I bNSC to I Kr . The amplitude of I KACh was determined so that the spontaneous rate is decreased in a dose-dependent manner above 0.1 M ACh with an arrest at 2 M. The experimental I-V relation (for example, see figure 1 in Ito et al. [6] ) is well reconstructed, characterized by the peak inward current at about Ϫ5 mV and the outward rectification at membrane potential positive to ϩ10 mV for the initial current, and the hump near Ϫ10 mV of the late current, the zero-current potential at about Ϫ30 mV, and the inward-going rectification at negative potentials beyond Ϫ60 mV (data not shown). The duration of the action potential at Ϫ30 mV is mainly determined by the I CaL inactivation, and is 114 ms. The spontaneous rate is 159/min. The peak amplitude of the Ca 2ϩ transient is adjusted to ϳ400 nM according to the experimental measurements (248 nM in Li et al. [7] ; 500-800 nM in Qu and Nathan [8] ). To establish the homeostasis of the intracellular ion concentrations, the Ca 2ϩ influx via I CaL is balanced largely by the Ca 2ϩ efflux via I NaCa for each cardiac cycle in the steady state, and the Na ϩ influx mainly through I bNSC and I NaCa is balanced by the Na ϩ efflux via I NaK .
RESULTS
All of the time-dependent parameters, including the intracellular ion concentrations, reach a steady cycle during the spontaneous activity and the model responds in a reversible manner to the various interventions described below. 
Role of I CaL and I st in the spontaneous action potential
The oscillation of the membrane potential is generated by alternative activation of inward and outward current systems. During the slow diastolic depolarization, activation of the inward current is provided by both I CaL and I st . To clarify the contributions of these currents, the spontaneous rate was measured. When the I CaL amplitude is decreased by multiplying P CaL by 0.6 (Eqs. 17-19 in Table 4 ), the overshoot potential is decreased, but the spontaneous rate is unexpectedly increased, mainly because the duration of the action potential is shortened (Fig. 1A) . Opposite effects are observed when I CaL amplitude is increased by 1.4. Essentially the same consequence of varying the I CaL amplitude is observed when using the Demir and Wilders models (not shown). On the other hand, the spontaneous rate is markedly increased or decreased by negative or positive shifts of the I CaL voltage-dependent gate, respectively (Fig. 1B) , by expressing the rate constants (k) for the voltage-dependent gates (Eqs. 21-24, in Table 4) as
The relationships between the spontaneous rate and voltage shift of I CaL or I st gating are shown in Fig. 2A . The negative voltage shift of I CaL gating increases the spontaneous rate more markedly compared to the effects of varying I st . Thus, it is concluded that the timing of I CaL activation takes a pivotal role in determining the spontaneous rate. On the other hand, the decrease in the I CaL amplitude results in the acceleration of the spontaneous rate at any voltage shift of I CaL gating or at any amplitude of I st (Fig. 2B) .
The left-hand end of each curve in Fig. 2B indicates the minimum amplitude of I CaL , which maintains the spontaneous action potential. Below these I CaL amplitudes, the activity stops following a damping subthreshold oscillation. In the absence of I st , the spontaneous action potential can be maintained by the voltage-dependent activation of I CaL during diastole and the spontaneous activity stopped below 0.4, 0.4, and 0.8I CaL with Ϫ5, 0, and ϩ5 mV shifts of I CaL gating, respectively. In contrast to the effect of I CaL , the spontaneous rate increases with the increasing magnitude of I st at any amplitude of I CaL . This effect of increasing I st is more marked when the I CaL contribution is de-creased (Fig. 2B) . It may be concluded that I st is one of the major determinants of the SA node rhythm.
The effect of varying [Ca

2؉
] o According to the simulation of Fig. 2B , the spontaneous rate is decreased when I CaL is magnified by multiplying P CaL , mainly because the duration of the action potential is lengthened (Fig. 1A) . In the experiments, the spontaneous rate was increased when I CaL was magnified by increasing [Ca 2ϩ ] o , accompanied with the shortening of the action potential. The spontaneous rate- [Ca 2ϩ ] o relation reconstructed in Fig. 3A is quite similar to the experimental one (figure 1 in Seifen et al. [9] ) and the action potential duration at Ϫ30 mV is indeed decreased with increasing [Ca 2ϩ ] o (Fig. 3B ). The shortening of the action potential is caused by the Ca ] cm ) is virtually proportional to the amplitude of the single channel current (Eq. 31 in Table 4 ), which is dependent on [Ca 2ϩ ] o (Eq. 30 in Table 4 ). Above 10.8 mM [Ca 2ϩ ] o , the spontaneous rhythm is stopped in the simulation because of the voltage-dependent inactivation of I CaL (y gate in Eqs. 40 and 41 in Table 4 ). The shortened action potential in the high Sinoatrial Node Pacemaker Model Table 4 ) was changed by Ϯ5 mV from the control. HR were 131.6, 158.7, and 185.6 min Ϫ1 from top to bottom, respectively, and APD was 119.3, 113.6, and 109.5 ms.
[Ca 2ϩ
] o causes insufficient activation of I Kr and a positive shift in the maximum diastolic potential (Fig.  3B ). This shift induces insufficient removal of inactivation of I CaL at the maximum diastolic potential. In fact, if the amplitude of I Kr is increased by a factor of 1.2, for example, spontaneous activity is maintained, accompanied with a more negative maximum diastolic potential at 11 mM [Ca 2ϩ ] o . ] o above 16 mM. This is in good agreement with the experiments (figure 3 in Noma [11] ). The cessation of the spontaneous activity is mainly determined by the ultra-slow inactivation of I CaL (y gate in Eqs. 40 and 41 in Table 4 , see Boyett et al. [12] Table 5 ) Table 6 ). The resting potential in Fig. 4B is nearly flat below 10 mM [K ϩ ] o as in the experiments (figure 9 in Noma and Irisawa [13] ; fig. 3 in Kurachi et al. [14] ). This is because: (1) the conductance of I bNSC is large, and (2) the conductance of I Kr is decreased with decreasing
Role of I
. The decrease of G Kr , on the other hand, prolongs the action potential duration at lower [K ϩ ] o , since I Kr is the major outward current for repolarization. To simulate the relatively constant action potential duration observed in experiments, the other outward current I Kpl is tentatively described as a function of [K ϩ ] o (Eq. 4 in[K ϩ ] o .
Evaluation of contribution of various current components to slow diastolic depolarization
In order to get more insight into the ionic mechanisms underlying slow diastolic depolarization, we reduced the Kyoto model to the equivalent circuit shown in Fig. 5A . The ionic components of whole cell current, I net K, I net Na, and I net Ca, given by Eqs. 6-8 in Table 3 were used to calculate the whole cell membrane conductance (G m ).
where G K , G Na , and G Ca are,
GϭI net Ca/(V m ϪE Ca ) .
Since the pump current I NaK is driven by the energy of ATP hydrolysis, I NaK is removed from the calculation of G K and G Na . I NaCa is included in the calculation since it is driven simply by the passive electrochemical driving force. In the reduced model, a zero-current potential, V 0 can be defined. At V 0 , I net KϩI net NaϩI net Caϭ0
Then, .
In the reduced equivalent circuit, .
Since V 0 leads the changes in V m , we call V 0 "lead potential V L ." In Fig. 5B , V L (thick traces) is superimposed on V m (thin traces) in the SA node and ventricular cell. In both cases, V L is always more positive than V m during the depolarizing phase, and is more negative during the repolarizing phase. V L is equal to V m at all flexion points where dV m /dt is zero (i.e., the resting potential in the ventricle, and the overshoot potential and maximum diastolic potential in the SA node cell).
The changes in V L are calculated in parallel with the simulation of normal action potential (V m ). In Fig.  6 , the gating parameters for a given current system are temporarily fixed in the calculation of V L during the time indicated by the horizontal arrows to those values obtained at the maximum diastolic potential. It should be noted that the gating of all current systems except the given current system are normal in the cal- 
DISCUSSION
The contribution of a current system to the electrical activity of cardiac cells is usually examined by blocking the current of interest using pharmacological tools in the actual cell experiment or by knocking out the corresponding genes. Accordingly, the electrical activity has been reconstructed after excluding the particular current system in previous model studies. However, it is difficult to compare the relative contributions of each current since the time courses of all parameters are simultaneously modified. For example, deleting I Kr or I CaL simply stops the spontaneous activity. On the other hand, the time-dependent change in V L can be calculated with all parameters intact during normal pacemaker activity except for the gating parameters of a targeted current system in Fig. 6 . Thus, this V L approach has an advantage over conventional methods.
Comparison of Kyoto SA node model with previous models. ] i is higher compared with the experimental measurements (248 nM in Li et al. [7] ; 500-800 nM in Qu and Nathan [8] ). Blocking I CaL activation causes a slight downward bending in both the Wilders and Kyoto models, but a slightly larger deflection in the Demir model. Blocking I ha causes a significant downward deflection of the diastolic depolarization only in the Wilders model. The Demir model, on the other hand, assumes a relatively large contribution of I CaT . It seems that either of these current systems, I st , I CaT , or I ha , during diastole is useful for fine tuning the pacemaker rhythm in addition to the major inward current I CaL .
To further clarify differences among these models, Fig. 8 compares the delayed rectifier K ϩ currents evoked by a test pulse to 0 mV from the holding potential of Ϫ40 mV. The Wilders model assumes a single exponential component in the tail current because it was developed before the discovery of the two components of delayed rectifier K ϩ current. The Wilders I K may represent a sum of I Kr and I Kpl in the Kyoto model. The Demir model assumes a very rapid decay, probably because the experimental data of only the fast component might be used. As a result of the fast deactivation, the membrane conductance is low during the late phase of slow diastolic depolarization, and thereby the voltage-dependent activation of both I CaL and I CaT can induce larger effects on pacemaker depolarization than in other models (Figs. 6 and 7 ). The Demir model is based on action potential data that are more characteristic of a transitional pacemaker cell than a primary nodal cell, and the overshoot potential is more positive as compared to other models. The I Kr of OxSoft 98 is composed of two components, I Kr1 and I Kr2 of Heath and Terrar [15] . The I Kr of the Kyoto model is based on an extensive analysis of the experimental I Kr [16, 17] .
The role of individual current systems. The calculation of V L during the course of pacemaker depolarization (Figs. 6 and 7) clearly indicated that slow diastolic depolarization is caused by time-and voltage-dependent channel gating. The background conductances, which are time-independent by definition, can influence the magnitude of dV m /dt but cannot be the cause of slow diastolic depolarization. The gating mechanisms, which are responsible for driving slow diastolic depolarization, irrespective of the model type, are: (1) the depolarization-dependent activation of I CaL , I st , and I CaT , (2) the hyperpolarization-dependent activation of I ha , and (3) the hyperpolarizationdependent removal of activation of I Kr . The mechanism (1) can induce a positive-feedback and thereby provides a strong driving force to start the take-off potential of the action potential. In fact, a slight negative shift of I CaL gating results in marked positive chronotropy, as shown in Fig. 2A , which is caused by shortcutting the slow diastolic depolarization (Fig.  1B) . The activation of I ha depolarizes the membrane, but depolarization removes the I ha activation. Thus, the mechanism (2) is a self-limiting process. Similarly, the removal of activation of I Kr depolarizes the membrane, but membrane depolarization promotes channel activation. Thus, the interaction between I Kr and V m is a negative feedback mechanism.
The amplitude and gating kinetics of I CaT in the SA node cells are variable in the experimental report. The I CaT recorded after run-down of I CaL in the cultured SA node cell showed nearly the same inactivation time course to I CaL and a relatively large current size (Fig. 5 in [7] ). However, the careful dissection of I CaT by Hagiwara et al. [18] showed much faster inactivation, as in the original finding by Bean [19] . As far as using the kinetics described by Hagiwara et al. [18] , the Kyoto model does not indicate a significant role of I CaT in slow diastolic depolarization.
The intracellular Ca 2ϩ potentially modulates the pacemaker potential. Most of the currents underlying the slow diastolic depolarization are affected by [Ca 2ϩ ] i ; I CaL is affected via the Ca 2ϩ -mediated inactivation, I Kr and I Ks are modulated by protein kinase C [15, 20] or a direct Ca 2ϩ effect [21] , I ha is increased in amplitude at higher [Ca 2ϩ ] i [22] (see also Zaza et al.
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Fig. 8. Comparison of the delayed rectifier K
؉ currents in different SA node models. The current magnitudes were normalized to whole cell (i.e., 55 pF). The top indicates the voltage pulse and the lower records the currents.
[23] ), and I NaCa is activated through direct and indirect effects [24, 25] . The major contribution of I NaCa is expected in the early phase of slow diastolic depolarization in primary pacemaker cells. The measurement of [Ca 2ϩ ] i in cultured pacemaker cells shows continuous decay in [Ca 2ϩ ] i at least in the initial half of the diastolic period [7] . This causes a time-dependent decrease in inward I NaCa , which hinders slow depolarization. This mechanism is consistently assumed in the Wilders, Oxsoft, Demir, and Kyoto models. The Demir model might exaggerate this effect as indicated by the marked downward shift of V L with the fixed gating of I Kr in Fig. 7B . In the Wilders model, the amplitude of the Ca 2ϩ transient is ϳ10 M because the intracellular Ca 2ϩ buffer was not included. Recently, it was shown that intracellular Ca 2ϩ sparks occurred during the last third of diastolic depolarization before the take-off potential of the latent SA node action potential [26, 27] . Since these Ca 2ϩ transients were suppressed by 25-50 M Ni 2ϩ , which is usually considered as a selective blocker of I CaT , the involvement of I CaT was strongly suggested in generating the Ca 2ϩ sparks [28] . These Ca 2ϩ sparks might promote pacemaker potential through activating the inward I NaCa . In the Kyoto model, the increase of [Ca 2ϩ ] i , accompanied by an increase of I NaCa , starts nearly 100 ms before the maximum rate of rise of the action potential. However, this is caused by the usual I CaL -RyR coupling. Compared to the explosive activation of I CaL , the contribution by I NaCa at this phase is negligibly small. In fact, virtually no change occurred in V L when the y gate of Na ϩ /Ca 2ϩ exchange in scheme 1 in Table 7 was fixed during the late phase of the diastolic depolarization (not shown).
The positive chronotropic effect of ␤-adrenergic stimulation may be explained by the modulation of I CaL , I st , and I ha in the Kyoto model. Under the control condition, a small but significant activation of I CaL was demonstrated in the voltage range of slow diastolic depolarization by Verheijck et al. [29] . In agreement with their experiment, the repolarization to Ϫ40 mV, a time-dependent increase of I CaL , is reconstructed in the Kyoto model (not shown), which is caused by the gradual opening of the Ca 2ϩ -dependent gate (p(U)ϩp(UCa) in Eq. 20 in Table 4 ) in the presence of a small fraction of p(AP). The present study strongly suggests that the negative voltage shift of the I CaL voltage gate plays a major role in positive chronotropy, rather than the increase in current magnitude ( Figs. 1 and 2) . The negative shift of the I CaL activation is not systematically studied in experiments because most of the studies used the holding potential of Ϫ40 mV, which is nearly within the dynamic voltage range of activation. However, a distinct voltage shift of I CaL activation was strongly suggested during ␤-adrenergic stimulation [30] . This view should be examined in a voltage clamp experiment of an SA node cell using a holding potential more negative than Ϫ40 mV. The negative-voltage shift of I st activation during ␤-adrenergic stimulation (figure 4 in Guo et al. [31] ; figure 9 in Guo et al. [32] ) also facilitates positive chronotropy (Fig. 2) . The same mechanism is applicable to I ha .
Limitations of the Kyoto model. The successful reconstruction of the SA node action potentials by various types of computer models [2, 3, [33] [34] [35] [36] [37] indicates that spontaneous activity can be generated by an appropriate, but variable combination of time-and voltage-dependent outward and inward currents. Furthermore, the amplitudes or kinetics of individual currents are not necessarily identical in different types of models. These variable combinations of ionic currents might be applicable to explain species difference in the heart rate, ranging from mouse 500 min Ϫ1 to human 60 min
Ϫ1
. The Kyoto model is based on experimental data obtained mainly in rabbit and guinea pig SA node cells. In the SA node cell, cellular factors other than the membrane ionic currents or exchanger, such as the SR volume or Ca 2ϩ buffer activity, have not yet been well clarified in experiments. Furthermore, variations in the ionic currents are demonstrated within different cells of the rabbit SA node [38] [39] [40] . Thus, the present study aimed to ascribe unique roles to individual current systems in the pacemaker activity in the SA node cells, rather than clarify the difference between various pacemaker cell types.
